In more recent work, an immobilized ephrinA1 was used to initiate the formation of a tubule network on surface-modified hydrogels. 10 Because tissue engineering aims to replace damaged or diseased tissues and organs with functional engineered counterparts, the establishment of a vascular system is critical for the long-term success of these materials. 11 In the present study, poly(ethylene glycol) diacrylate (PEGDA) hydrogels were selected as the scaffold matrix based on their biocompatibility and innate resistance to protein adsorption and nonspecific Biomacromolecules ARTICLE cellular adhesion. It has been well-established that this "blank slate" platform can be precisely modified with molecules to induce desired cellular responses. 12 PEGDA hydrogels are photo-crosslinked under mild conditions, enabling high cell viability after encapsulation. Finally, the materials can be rendered biodegradable by incorporating a matrix-metalloproteinase-sensitive peptide into the polymer backbone. 13 Immobilized growth factors and signaling peptides have been used to induce specific, local effects. Previously, basic fibroblast growth factor (bFGF) that was immobilized onto PEGDA hydrogels was shown to induce vascular smooth muscle cell proliferation and migration. 14 In another study, immobilized ephrinA1 influenced endothelial cell adhesion via a v β 3 integrins in a dose-dependent manner and also contributed to the formation of tubule networks with visible lumen formation. 10 In this work, we further highlight the role of immobilized ephrinA1 in microvascular tubule formation. On the basis of these findings, we conclude that delivery of immobilized ephrinA1 represents a promising strategy to regulate cell adhesion and migration for the formation of a microvasculature network in tissue engineered constructs.
' MATERIALS AND METHODS
Cell Maintenance. HUVECs (Lonza, Walkersville, MD) were cultured in endothelial growth medium EGM-2 (Lonza), supplemented with the EGM-2 bullet kit containing ascorbic acid, epidermal growth factor, fibroblast growth factor (hFGF-2), heparin, hydrocortisone, insulin-like growth factor, GA-1000 (gentamicin, amphotericin-B), and 2% fetal bovine serum (Bulletkit, Lonza). Human brain vascular pericytes (HBVPs, ScienCell, Carlsbad, CA) were cultured in pericyte medium (ScienCell) on poly-L-lysine coated flasks (2 μg/cm 2 ). HUVECs were used from passages 4 to 6, and HBVP cells were used from passages 4 to 9. Cells were incubated at 37°C and 5% CO 2 with media replenishment and subculturing as necessary. Immunohistochemistry was performed to confirm ephrinA1 expression by HBVP and EphA2 expression by HUVECs.
Polymer Synthesis. Poly(ethylene glycol) (PEG) diacrylate was synthesized by reacting dry PEG (MW = 6000 Da; Fluka) with acryloyl chloride (Sigma, St. Louis, MO) and triethyl amine (TEA; Sigma) in anhydrous dichloromethane (DCM; Sigma). The reaction was performed using 1:4 PEG/acryloyl chloride and 1:2 PEG/TEA molar ratios under argon gas overnight. We used 2 M K 2 CO 3 to wash the solution before allowing it to separate into aqueous and organic phases. The organic phase containing PEGDA was dried using anhydrous MgSO 4 and filtered. PEGDA powder was obtained by precipitating in diethyl ether, filtering, and drying overnight under vacuum and stored at À20°C under argon gas.
The cell-adhesive peptide, Arg-Gly-Asp-Ser (RGDS, American Peptide, Sunnyvale, CA), was conjugated to a heterobifunctional PEG to form PEG-RGDS. RGDS peptide was dissolved in anhydrous dimethyl sulfoxide with one drop of diisopropylethylamine. The solution of RGDS was dripped onto dry acryloyl-PEG-succinimidyl carboxymethyl (PEG-SCM, Laysan, Arab, AL) using a molar ratio of 1.1:1 PEG-SCM/ RGDS. The reaction was placed on a rocker overnight, followed by dialysis against water in a regenerated cellulose membrane. The final product was sterilized via filtration and lyophilized. Successful conjugation was confirmed with a gel permeation chromatography (GPC) system equipped with a PLgel column (5 μm, 500 Å, Polymer Laboratories, Amherst, MA) and an evaporative light scattering detector (Polymer Laboratories).
Degradable hydrogels were synthesized by incorporating a matrix metalloproteinase-sensitive peptide, GGGPQGIWGQGK (abbreviated PQ), into the backbone of the base polymer. Fmoc chemistry was used to synthesize the PQ peptide on an APEX 396 solid phase peptide synthesizer (Aapptec, Louisville, KY). Matrix-assisted laser desorption/ ionization-time-of-flight mass spectrometry (MALDI-ToF MS Autoflex; Bruker Daltonics, Billerica, MA, solvent: methanol) characterization confirmed successful peptide synthesis. Using a 2.1:1 molar ratio of PEG-SCM to peptide, the synthesized PQ peptide was conjugated to PEG by following a procedure similar to that for PEG-RGDS. PEG-PQ-PEG conjugation was also confirmed using GPC.
PEG-ephrinA1 Conjugation. Acryloyl-PEG-succinimidyl carbonate (PEG-SMC) was synthesized in house to formulate a product that was capable of reacting under aqueous conditions and thus amenable for protein conjugations. Synthesis followed procedures previously outlined ( Figure 1A) . 15 In brief, PEG (Fluka/Sigma, MW = 3400 Da) was reacted with Ag 2 O (Sigma), acryloyl chloride (Sigma), and KI (Sigma) in Figure 1 . (A) Acryloyl-PEG-succinimidyl carbonate (PEG-SMC) was synthesized by reacting poly(ethylene glycol) with acryloyl chloride in the presence of silver oxide and potassium iodide before exposure to disuccinimidyl carbonate. (B) Immobilized ephrinA1 was synthesized by reacting PEG-SMC with primary amines on ephrinA1. Successful conjugation was confirmed with a Western blot where an increase in molecular weight corresponds to the addition of PEG chains to the protein (C).
Biomacromolecules ARTICLE anhydrous dichloromethane (DCM; Sigma) at 4°C overnight at molar ratios of 1.5, 1.1, and 0.3, respectively. The solution was filtered using Celite 521 (Spectrum Chemical, Gardena, CA) and dried prior to dissolution in di H 2 O. The solution was adjusted to pH 3 and heated to 35°C for 1 h. Activated charcoal (Fisher, Pittsburgh, PA) was used to remove iodine, and NaCl and DCM were added. Unwanted components were removed via DCM extraction and phase separation with 2 M K 2 CO 3 . Monoacrylated PEG was dried and concentrated, followed by ethyl ether precipitation and vacuum filtration. Monoacrylated PEG in anhydrous acetonitrile (Sigma) and pyridine (Sigma) was reacted with a four molar excess of disuccinimidyl carbonate (Sigma) under argon overnight. The product was dried and dissolved in anhydrous DCM. After filtration, PEG-SMC was purified in acetate buffer (0.1 M, pH 4.5, 15% NaCl) via phase separation. The purified PEG-SMC was dried with anhydrous MgSO 4 and precipitated into ethyl ether. After filtration and drying, PEG-SMC was characterized by proton nuclear magnetic resonance spectroscopy ( 1 H NMR, Avance 400 Hz; Bruker) and stored at À80°C under argon.
EphrinA1-Fc was obtained from R&D Systems (Minneapolis, MN) as a recombinant fusion protein containing the extracellular binding portion of ephrinA1 and the Fc fragment of human IgG. This protein was reacted with acryloyl-PEG-SMC to form PEG-ephrinA1 (Figure 1 B) . We used 200 mM sodium bicarbonate buffer (pH 8.5) to dissolve synthesized acryloyl-PEG-SMC. The solution was sterilized via filtration (0.2 μm) and combined with ephrinA1 at a 1:100 molar ratio of ephrinA1/PEG-SMC. The reaction was placed on a rocker for 4 days at 4°C before lyophilization under sterile conditions. The PEGephrinA1 powder was reconstituted and stored in HEPES-buffered saline (100 mM NaCl, 10 mM HEPES in deionized water; HBS; pH 7.4) for up to 3 months at 4°C. A Western blot was used to confirm successful conjugation. We ran 200 ng ephrinA1 and PEG-ephrinA1 on a 4À15% Tris-HCL precast polyacrylamide gel (Biorad, Hercules, CA) at 80 V for 2 h. After transferring to a nitrocellulose membrane, bands were detected using a 1:200 dilution of anti-ephrinA1 primary antibody produced in goat (Sigma, St. Louis, MO) with a 1:500 dilution of secondary antibody HRP-conjugated rabbit antigoat IgG (Sigma). Using an ECL chemiluminescent Western blotting analysis system (GE Healthcare, Buckinghamshire, U.K.), images were taken on an LAS 4000 (FujiFilm, Little Rock, AK).
Surface Modification of Hydrogels. We synthesized 6 kDa PEGDA hydrogels by dissolving polymer (10% w/v) in HBS with 10 μL/mL acetophenone stock solution (300 mg 2-dimethoxy-2-phenylacetophenone in 1 mL n-vinyl pyrrolidone (NVP)). The liquid PEGDA solution was injected between glass slides separated by a 0.75 mm polytetrafluoroethylene (PTFE) spacer secured by binder clips. Hydrogels were cross-linked via exposure to UV light (B-100SP UV lamp, UVP, 365 nm, 10 mW/cm 2 ) for 30 s and allowed to swell by soaking in HBS with 0.1% sodium azide.
Circular disks 5 mm in diameter were punched from the bulk hydrogels using a no. 2 biopsy punch. Solutions containing 50 mg/mL PEG-RGDS and 10 μL/mL acetophenone with 0, 0.0392, 0.216, or 0.392 μg PEG-ephrinA1 were added to the gel surface and exposed to UV light for 2 min to achieve surface immobilization. Hydrogels were soaked in sterile HBS before use.
HUVECs (8.5 Â 10 5 cells/cm 2 ) were seeded onto the modified surfaces and imaged using an Axiovert (Zeiss) inverted fluorescence microscope 2, 3, and 4 weeks after seeding. Images of the hydrogels were merged using Adobe Photoshop Elements, and modified surface areas and tubule lengths were traced using Adobe Illustrator and then quantified using ImageJ (n = 22, 19, 16, and 16 for PEG-ephrinA1 concentrations of 0, 0.0392, 0.216, 0.392 μg, respectively).
Effects of Soluble EphA2 on Tubulogenesis. Previous work
has shown that a coculture of HUVEC and HBVP cells spontaneously form tubule networks. 16 To confirm the role of the EphA2ÀephrinA1 interaction in tubule formation on hydrogel surfaces, we added soluble EphA2 to culture media for inhibition experiments. Hydrogel surfaces were modified with 50 mg/mL PEG-RGDS, as described above in the Surface Modification of Hydrogels section. We seeded 8.5 Â 10 5 cells/ cm 2 HUVEC and HBVP cells onto the modified surfaces at a ratio of 4:1 HUVEC: HBVP. Cells were cultured in media with 0, 500, 1500, or 5000 ng/mL soluble EphA2 (R&D Systems) based on previously established effective levels of EphA2. 17 Six days after cell seeding, hydrogels were imaged using an Axiovert (Zeiss) inverted fluorescence microscope. Hydrogel area and tubule length were quantified as described above with a sample size of 14 for 0 and 500 ng/mL treatment groups and 13 for 1500 and 500 ng/mL treatment groups.
Endothelial Cell Encapsulation into Degradable Hydrogels. To delineate the effects of PEG-ephrinA1 on endothelial cells in 3D, HUVECs were encapsulated into MMP-sensitive hydrogels containing PEG-ephrinA1. Polymer solution was prepared with a final formulation of 10% (w/v) PEG-PQ-PEG and 3.5 μmol/mL PEG-RGDS in sterilized 1.5% (v/v) triethanolamine, 1 mM Eosin Y, and 3.95 μL/mL NVP in 10 mM HBS. Three concentrations of PEG-ephrinA1 were used in combination with PEG-RGDS, including 0.25, 2.5, and 25 ng/mL. Hydrogels containing PEG-RGDS alone were used as a control group. HUVECs were harvested using trypsin-EDTA and counted using a Coulter counter. After counting, the cells were pelleted by centrifuging at 2700 rpm for 4 min and resuspended in polymer solution to a concentration of 10 000 cells/μL. Next, a cylindrical polymer droplet was formed. A 5 μL droplet of cell-laden polymer was placed in between two polydimethylsiloxane (PDMS) strips (380 nm in thickness) on a Sigmacoted (Sigma) glass slide. An acrylated coverglass was placed over the polymer and PDMS strips before exposing the polymer to white light for 30 s. Hydrogels were affixed to the acrylated coverglass to reduce the movement of hydrogels during staining and imaging. Acrylation was accomplished by first cleaning with a mixture of 30% (v/v) hydrogen peroxide and 70% sulfuric acid, rinsing with ethanol, and then exposing the glass to a solution of 2% 3-(trimethoxysilyl) propyl methacrylate in 95% ethanol overnight. After acrylation, coverglass was incubated at 100°C for 2 h. Cylindrical hydrogels attached to the acrylated coverglass were immediately immersed in EGM-2 media.
Staining for Actin and Extracellular Matrix Proteins. To examine tubule morphology, immunohistochemistry was performed to identify tubule structure and extracellular matrix production. Gels were fixed in 4% paraformaldehyde for 20 min and washed with phosphatebuffered saline (PBS). We used 0.5% Triton-X to permeabilize cells for 10 min, followed by a second PBS wash. Blocking of nonspecific binding was accomplished with 3% bovine serum albumin (BSA). Gels were incubated with a 1:100 dilution of rhodamine phalloidin (Invitrogen, Carlsbad, CA) with 2 μM DAPI in 1% BSA for 2 h to stain actin and nuclei, respectively. Images were obtained on a confocal microscope (Zeiss 5-LIVE, Plan-Apochromat 20Â objective with 0.8 numerical aperture). To quantify resulting tubule formation visualized via phalloidin staining, Farsight was used to calculate the percent of each cell's borders that were shared with other cells (n = 3 hydrogels). 18, 19 To identify collagen IV and laminin production, 3% normal donkey serum (Sigma) was used as a blocking agent. Primary antibodies were diluted in 3% BSA in PBS and incubated overnight at 4°C on a rocker table. Primary antibodies included anticollagen IV produced in rabbit (Abcam, Cambridge, MA) and polyclonal antilaminin produced in chicken (Sigma), which is able to recognize all three polypeptide chains of the laminin protein. Gels were rinsed in PBS for 1 h, and rinsing was repeated four times. Gels were incubated with a 1:500 dilution of Alexafluor 488 donkey antirabbit IgG (Invitrogen) or Alexafluor 488 goat antichicken IgG (Invitrogen) overnight at 4°C to visualize the primary antibodies. PBS washing was repeated and gels were imaged using a confocal microscope. Images were taken using a 20Â objective to yield 318 μm Â 318 μm images. Alexafluor 488 pixel intensities in 3D Biomacromolecules ARTICLE projections of 20 μm in thickness with 1 μm in between slices were quantified in ImageJ using three fields of view from each of three hydrogels and normalized to cell number using DAPI pixel intensity.
Angiogenesis Assay: Hydrogel Implantation into the Mouse Cornea. To visualize vessel invasion into the materials, we implanted hydrogels into Flk1-myr::mCherry transgenic mice, which express an endothelial cell specific fluorescent protein. 20 Hydrogel preparation and implantation followed the protocol outlined in Poche et al., 21 and all animal experiments were conducted in accordance with Baylor College of Medicine Institutional Animal Care and Use Committee protocols. In brief, hydrogels were prepared at 10% polymer weight of degradable PEG-PQ-PEG, 3.5 μmol/mL PEG-RGDS, 10 μL/mL acetophenone stock solution, and 160 ng soluble platelet derived growth factor BB (PDGF-BB) per gel with or without 1.6 ng PEGephrinA1 (n = 5 and 6, respectively). A mold of precise thickness was made by separating two glass slides with a 0.005 in PTFE spacer and securing the glass slides with binder clips. We then injected 0.12 μL of the polymer solution between glass slides. Hydrogels were exposed to UV light (B-100SP UV lamp, 365 nm, 10mW/cm 2 ) for 2 min and immediately implanted into a micropocket formed in the cornea. 22 In brief, a partial thickness incision was made in the cornea of anesthetized mice. A Von Graefe knife was used to separate the layers of the cornea stroma, creating a micropocket for hydrogel implantation. Fourteen days after implantation, mice were euthanized, and corneas were collected and fixed in 4% paraformaldehyde. The tissue was flatmounted and imaged on a Zeiss LSM 510 META confocal microscope using a Zeiss 40Â/1.2NA C-Apochromat water immersion objective lens. The mCherry fluorophore was excited with a 543 nm laser for visualization of endothelial cells that invaded the cornea and hydrogel in response to growth factor release. Images of vessels on the hydrogel were compiled from projections of z-stacks exactly 22 μm in thickness, spaced 1.1 μm apart.
Confocal z-stacks were used to quantify vessel parameters. Vessel branch points and diameters were quantified using the image browser in the LSM software. Fractal dimension, lacunarity, and vessel density were quantified as previously described. 23 The fractal dimension was quantified to describe the complexity of the vessel network and lacunarity to examine nonuniformity of cell distribution in a scale-invariant manner.
23À25
Statistics. Two-way ANOVA and subsequent Bonferroni post hoc tests were used to analyze statistically vessel formation and extracellular matrix production. For each analysis, p < 0.05 was considered to be significant. ' 
RESULTS
Polymer Characterization. Synthesis of PEG-RGDS and PEG-PQ-PEG were carried out as previously described. 12 Successful synthesis of PEG-RGDS and PEG-PQ-PEG were confirmed with gel permeation chromatography. Successful conjugation of acryloyl-PEG-SCM to ephrinA1 was confirmed using a Western blot where the increase in molecular weight confirms conjugations of PEG chains to ephrinA1 ( Figure 1C ).
HUVEC Tubule Formation on Hydrogel Surfaces
Modified with PEG-ephrinA1. HUVECs seeded onto surfaces modified with three concentrations of PEG-ephrinA1 exhibited robust tubule formation with branching networks. Using a two-way ANOVA and Bonferroni post hoc analysis (Table 1 of the Supporting Information), a significant effect of the PEG-ephrinA1 concentration was observed (Figure 2 , mean þ/À standard error of the mean (s.e.m.); p , 0.001). As early as 14 days after seeding, a direct relationship existed between the concentration of PEG-ephrinA1 and tubule formation with a significant difference between the highest concentration of 0.392 μg and both 0 and 0.039 μg (p < 0.05). Prolonged ephrinA1 signaling via immobilization onto the surface maintained tubule formation at 28 days for the highest concentration of PEG-ephrinA1, whereas in the absence of immobilized ephrinA1, vessels rapidly regressed. A significant difference between the control group and both 0.216 and 0.392 μg PEG-ephrinA1 groups confirms the concentration affect (p < 0.05).
Soluble EphA2 Downregulates PEG-ephrinA1-induced Tubule Formation. Soluble EphA2 acts as a competitive inhibitor to EphrinA1/EphA2 binding on cells. 17 Soluble EphA2 was used to diminish effectively the tubule-inducing capacity of immobilized PEG-ephrinA1 on the surfaces of hydrogels. Six days after cell seeding, the coculture of HUVEC and HBVP exhibited a reduction in tubule formation dependent on the dose of soluble EphA2 (Figure 3 ; p < 0.05), confirming the importance of the EphA2ÀephrinA1 interaction in tubule formation.
Encapsulated HUVECs Exposed to PEG-ephrinA1 Form Tubule Networks. In 3D experiments, HUVECs encapsulated in degradable hydrogels with PEG-ephrinA1 formed tubule networks, as visualized at time points from 6 h to 7 days via staining for tubule morphology (images in the Supporting Information). Three different concentrations of PEG-ephrinA1 were used, including 0.25, 2.5, and 25 ng/mL, and compared with the presence of no PEG-ephrinA1. At early time points (24 and 48 h), the low concentration of 0.25 ng/mL PEG-ephrinA1 induced the most tubule formation ( Figure 4A ). However, by 5 and 7 days, tubules persisted most notably in the presence of the highest growth factor concentration (25 ng/mL PEG-ephrinA1). To quantify the tubule formation response, the percentage of shared borders was calculated for all cells using a two-way ANOVA and Bonferroni post hoc test. For individual differences using the Bonferroni post hoc test, please refer to Table 2 of the Supporting Information. The concentration of PEG-ephrinA1, the time elapsed, and the interaction between the concentration and time were found to affect HUVEC tubule formation. For example, at 24 h, the cells exposed to the lowest concentration of 0.25 ng/mL PEG-ephrinA1 had a significantly higher number of shared borders when compared with all other treatment groups (p < 0.05). By 7 days, all concentrations of PEG-ephrinA1 generated a cellular response that was statistically different from the control ( Figure 4A ; mean þ/À s.e.m.). (mean ( s.e.m.) where PEG-ephrinA1 concentration had a significant effect (p,0.05). As early as 14 days, the 0.392 μg PEG-ephrinA1 induces significantly more tubule formation when compared with 0 and 0.039 μg (# p < 0.05). By 28 days, the presence of PEG-ephrinA1 maintains tubule formation, and a significant difference is visible between the control and both 0.216 and 0.392 μg PEG-ephrinA1 (* p < 0.05). Complete Bonferroni post hoc analysis is provided in Table 1 of the Supporting Information.
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Collagen IV and Laminin Expression in Tubule Networks.
Immunohistochemistry was performed to investigate the production of extracellular matrix proteins, specifically collagen IV and laminin, during tubule formation and stabilization. To allow time for Figure 3 . Disruption of the EphA2ÀephrinA1 interaction between HBVP and HUVEC cells seeded onto 2D PEG-RGDS modified surfaces via soluble EphA2 in the media induced a dose-dependent decrease in tubule formation (C, mean ( standard deviation). CD31-labeled vessels (green) are visible in the lowest dose of 500 ng/mL EphA2 (B) whereas few vessels are visible in the highest dose of 5000 ng/mL EphA2 (A; nuclei = blue, scale bar = 50 μm). All dose pairings exhibit a statistically significance difference except 1500 and 500 ng/mL (p < 0.05). Figure 4 . (A) Robust tubule formation was seen at early time points using low PEG-ephrinA1 concentrations and at late time points using higher PEGephrinA1 concentrations. To quantify the resulting tubule formation in 3D, the parameter percent shared borders was calculated to examine the percentage of each cell's edges that were interacting with other cells to form tubule networks (mean ( s.e.m.). A two-way ANOVA shows a significant effect of PEG-ephrinA1 concentration and time. (B) Collagen IV deposition was quantified and found to correspond to areas of high tubule formation (mean ( standard deviation). This effect is noticeable at 2 days using the 0.25 ng/mL PEG-ephrinA1 concentration as well as in the 7 day, 25 ng/mL PEG-ephrinA1 concentration. (C) Laminin deposition was shown to be dependent on both PEG-ephrinA1 concentration and time (mean ( standard deviation). For example, at 5 days, cells in the presence of 25 ng/mL PEG-ephrinA1 expressed the most laminin and deposition decreased with PEG-ephrinA1 dose. The effects of time are visible in 2.5 ng/mL PEG-ephrinA1 where there is a notable increase in laminin deposition. Complete Bonferroni post hoc analysis is provided in Table 2 of the Supporting Information.
Biomacromolecules ARTICLE collagen IV and laminin synthesis and deposition, staining began with the 2 day time point. Images containing high amounts of collagen IV corresponded to areas with extensive tubule formation. Specifically, 0.25 ng/mL PEG-ephrinA1 at 2 days and 25 ng/mL PEG-ephrinA1 at 7 days showed the highest expression ( Figure 4B ). Complete Bonferroni post hoc analysis is provided in Table 2 of the Supporting Information. Laminin deposition was found to increase over time and was also dependent on PEGephrinA1 concentration (p < 0.05). For example, laminin expression increased as more PEG-ephrinA1 was included at both 5 and 7 days ( Figure 4C ). Looking specifically at 0.25 and 2.5 ng/mL, the increase in pixel intensity from 5 to 7 days is also clearly visible, highlighting the dependence on time ( Figure 4C ). Complete Bonferroni post hoc analysis is provided in Table 2 of the Supporting Information.
PEG-ephrinA1 Enhances the In Vivo Vascular Response.
Hydrogels were implanted into the mouse cornea micropocket to investigate the impact of PEG-ephrinA1 in vivo. The mouse cornea micropocket facilitates image analysis of angiogenesis using an established and reproducible assay in which the endothelial cells of newly formed vessels are highlighted by a red fluorescence. Using the Flk1-myr::mCherry transgenic mouse, soluble PDGF-BB was shown to stimulate fluorescently labeled angiogenic processes to grow onto the gel from the surrounding limbus ( Figure 5A ). The angiogenic response was enhanced with the addition of PEG-ephrinA1 ( Figure 5B ). The addition of immobilized ephrinA1 allowed prolonged signaling once the vessels had reached the hydrogel, resulting in a significant increase in vessel density (p < 0.05, Figure 5C ) and vessel branch points ( Figure 5D ) 14 days after implantation. Additionally, space filling parameters were also used to quantify vessel morphology. 23 The addition of PEG-ephrinA1 significantly increased both (p < 0.05) fractal dimension (E) and lacunarity (F), indicating a greater complexity among the vessel networks where immobilized PEG-ephrinA1 was included. Interestingly, PEG-ephrinA1 induced smaller diameter vessels.
' DISCUSSION
Rapid vessel formation and perfusion are key to the survival of implanted cells. 26, 27 Whereas stable vessels have been formed in engineered constructs using multiple cell types, 28, 29 the use of immobilized PEG-ephrinA1 removes the necessity for a supportive cell type by exploiting cellÀcell interactions and offering an alternative approach for forming long-lasting tubule structures. 30, 31 Specifically, an immobilized ephrinA1 has been used to induce tubule formation for its ability to influence endothelial cell migration and invasion. In 2D, immobilized ephrinA1 led to prolonged tubule formation and branching networks for 4 weeks after cell seeding. In 3D degradable scaffolds, PEG-ephrinA1-induced HUVEC tubule formation as early as 24 h with persistent tubules up to 7 days. The dose of PEG-ephrinA1 incorporated into the scaffold can also be tailored based on the specific application. Notably, the response to PEGephrinA1 may suggest an intermediate dose of PEG-ephrinA1 is optimal for angiogenesis. This complex response has been noted as cells respond to other ephrin molecules. For example, endothelial cells adhered to nitrocellulose-coated dishes in a biphasic manner in response to ephrinB1. 32 Similar biphasic responses have been exhibited as axons extended in response to low concentrations of ephrinA2, but extension was inhibited using high concentrations. 33 The capability of ephrins to signal in Figure 5 . Bioactive hydrogels incorporating releasable PDGF-BB and PEG-ephrinA1 (B) showed a more robust vascular response than hydrogels with releasable PDGF-BB alone (A) when implanted in the mouse cornea. The presence of PEG-ephrinA1 induced a significant increase in vessel density (C), branch points (D), fractal dimension (E), and lacunarity (F). PEG-ephrinA1 also stimulated a significant decrease in vessel diameter (G).
Biomacromolecules ARTICLE both forward and reverse manners may enable the complex cellular responses. The mechanism by which ephrinA1 stabilizes tubule formation may be related to production of basement membrane proteins, including laminin and collagen IV, as the basement membrane connects cells to the interstitial matrix and is necessary for tissue development and vessel stabilization. 34 Samples were stained for laminin and collagen IV, and the accumulation of both proteins was shown to depend on PEG-ephrinA1 concentration. In addition, laminin deposition varied significantly with time in culture. Whereas laminin deposition indicates vessel maturation, 35 collagen IV is largely responsible for the mechanical properties of the basement membrane. 34 Laminins are critical in regulating cell adhesion, migration, and matrix-mediated signaling 36 via interacting with their integrin receptors. Similarly, endothelial cell binding to collagen IV is mediated by integrins and is necessary for cell adhesion, migration, and proliferation. 37 Interestingly, cell binding to both laminin and collagen IV is regulated by the R v β 3 integrin, which is the same integrin that was shown to induce endothelial cell adhesion in response to immobilized ephrinA1. 10, 38 The link between ephrinA1 and laminin production has been previously established in tumor formation because ephrinA1 and EphA2 play a role in tumor neovascularization, enabling tumor growth. 7 Heptocellular carcinoma cell lines that overexpressed ephrinA1 also increased expression of laminin, 39 and aggressive melanoma cells have been found to overexpress EphA2 and laminin. 40 To confirm the role of the EphA2ÀephrinA1 interaction in tubule formation, we used soluble EphA2-Fc to prevent EphA2À ephrinA1 interaction between HUVECs and HBVP cells (Figure 3) . Soluble EphA2-Fc was found to decrease tubule formation on modified hydrogel surfaces in a dose-dependent manner. Similar findings were illustrated when soluble EphA2-Fc inhibited vessel formation in a rat aortic ring assay and in vivo Matrigel plug assay in a dose-dependent manner. 17 Soluble EphA2 has also been targeted in cancer therapy, where delivery of soluble EphA2 receptors inhibited tumor angiogenesis and disease progression. 41 The presence of PEG-ephrinA1 in hydrogel implants in the mouse cornea induced vessel coverage of the hydrogel with an increase in vessel density and branch points but a decrease in vessel diameter. This phenomenon has been previously illustrated when Lee et al. generated an MMP-resistant form of VEGF that caused vessels within MMP-resistant VEGF tumors to display increased branching but smaller overall diameter. 42 Vessel remodeling involves alterations to cytoskeletal organization, extracellular matrix composition, and cellÀcell connections to stabilize vessels. Inhibition of R v β 3 integrins has been shown to prevent remodeling, and R v β 3 integrin binding is likely involved in determining vascular diameter. 43, 44 Smooth muscle cell recruitment during vessel stabilization has also been linked to the R v β 3 integrin receptor and may be an area for future investigation. 45 Interestingly, embroid bodies lacking laminin γ1 displayed an increase in lumen size, consistent with findings in laminin-R4-deficient mice. 46 The increase in lumen is possibly due to a weakening of the vessel wall or enhanced sprouting activity or because a laminin-rich basement membrane is important in polarization of endothelial cells, which is required for lumen formation.
' CONCLUSIONS
The formation of a microvascular system is highly regulated by cellÀcell interactions for capillary sprouting and remodeling. In this work, an immobilized ephrinA1 was used to exploit the cell signaling interaction of EphA2 and ephrinA1 seen in angiogenesis. PEG-ephrinA1 was shown to induce HUVEC tubule formation on modified surfaces as well as in 3D degradable hydrogels in a dose-dependent manner. The production of collagen IV and laminin, which are extracellular matrix proteins involved in vessel stabilization, was also found to be dependent on PEG-ephrinA1 concentration. The presence of soluble EphA2 prevented EphA2ÀephrinA1 interactions between HUVEC and HBVP cells, reducing tubule formation in a dosedependent manner and confirming the importance of ephrinA1 in tubule formation. Finally, hydrogels incorporating PEG-ephrinA1 in vivo resulted in vessels with a statistically significant increase in vessel density, branch points, lacunarity, and fractal dimension. The results presented demonstrate the utility of the immobilized cell adhesion and patterning molecule ephrinA1 in inducing microvascular network formation for use in tissue engineered constructs and other applications in regenerative medicine. 
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